detailed biochemical understanding of the interactions Stanford University Medical School between these proteins is needed to answer this quesStanford, California 94305 tion. Several studies have already uncovered a great deal of information about these v-to t-SNARE interactions. In vitro, syntaxin and VAMP associate with an Summary equilibrium dissociation constant KD in the low micromolar range, and the affinity is greatly potentiated in the Syntaxin, vesicle-associated membrane protein (VAMP), presence of SNAP-25 (Pevsner et al., 1994). The trimer and synaptosome-associated protein of 25 kDa (SNAPformed by the three proteins has been shown to be 25) form a ternary "core complex" central to the proextremely stable by at least two lines of evidence. First, cess of synaptic vesicle docking and fusion. Several the ternary complex is resistant to denaturation by SDS lines of evidence support the hypothesis that the proand must be heated to 90ЊC before it dissociates (Hateins assemble in a coiled-coil structure, but the alignyashi et al. , 1994). Second, while the individual compoment of ␣ helices in this coil and the overall conformanents can be cleaved by botulinum and/or tetanus neution of the coil are unknown. We employ the technique rotoxins at several sites along their lengths, they display of fluorescence resonance energy transfer (FRET) partial or full resistance to cleavage when in the ternary to investigate the alignment between syntaxin and complex (Hayashi et al., 1994). The high stability of the VAMP. With the acceptor probe coupled to the aminosyntaxin-VAMP-SNAP-25 trimer suggests that the proterminal end of the VAMP coiled-coil domain, the doteins must bind each other along a significant length of nor probe fluorescence is quenched to a greater extent their amino acid sequences rather than only via a few when it is on the amino-terminal end of the syntaxin residues.
reveals a predicted coiled-coil domain. Moreover, comparison of the yeast and mammalian VAMP and syntaxin homologs shows the highest degree of sequence conservation in the coiled-coil domains Gerst, 1997) . Second, the syntaxin H3 domain has been examined by circular dichroism spectroscopy and exhibits a spectrum characteristic of ␣ helices (Fasshauer et al., 1997; Zhong et al., 1997) . In addition, when SNAP-25 is combined with the H3 domain, the resulting helicity is greater than the sum of the individual helicities, implying the induction or stabilization of an ␣-helical region; perhaps this extra helical content explains the tighter binding between syntaxin and VAMP in the presence of SNAP-25. Finally, the most direct evidence favoring coiled-coil formation is the fact that mutation of the a and d positions anywhere in the syntaxin H3 domain disrupts its binding to VAMP without disturbing its ␣ helical content (Zhong et al., 1997) .
These studies, while supportive of the idea that a coiled-coil structure plays an important role in vesicle docking and fusion, do not divulge critical information about the coiled-coil structure. Importantly, they do not indicate how the helices of syntaxin and VAMP are aligned with respect to each other. The arrangement fully extended helices (as in proteins such as myosin), GST-syntaxin fusion proteins, or GST alone, were attached to glutathey can also have folds or bends in them. In a recent thione-agarose beads and used at 0.5-1 M. VAMP constructs were study, quick-freeze/deep-etch electron microscopy was used in soluble form at 5 M. SNAP-25 was included in all samples employed to study the structure of the syntaxin-VAMPat 1 M. Syntaxin constructs were labeled with fluorescein; S ϩ * and S * ϩ denote labeled S ϩ Ϫ and S Ϫ ϩ, respectively. VAMP SNAP-25 trimer, and the resulting images led the authors constructs were labeled with eosin; V ϩ * and V * ϩ denote labeled to hypothesize an exclusively parallel, fully extended V ϩ Ϫ and V Ϫ ϩ, respectively. alignment of syntaxin and VAMP (Hanson et al., 1997) .
In the present study, we further characterize the coiled coil formed by syntaxin binding to VAMP. We use the VAMP coiled-coil domains contain no cysteine residues, technique of fluorescence resonance energy transfer we made constructs with cysteines introduced near the (FRET), in which a donor fluorescent probe transfers amino-and carboxy-terminal ends of the coiled-coil energy to an acceptor probe in a highly distance-dependomains. Polymerase chain reaction was used to make dent manner (reviewed by Stryer, 1978; Fairclough and the four mutant constructs illustrated in Figure 1A , as Cantor, 1978; Wu and Brand, 1994) , to determine the well as wild-type constructs encoding the same stretches relative distances between the ends of the syntaxin H3 of syntaxin and VAMP. As shown, S Ϫ ϩ and S ϩ Ϫ domain and the VAMP coiled-coil domain. The results refer to syntaxin constructs with a cysteine at the amino indicate that while the two protein domains do indeed and carboxyl termini, respectively; V Ϫ ϩ and V ϩ Ϫ refer bind primarily in a parallel conformation, the coiled coil to the corresponding VAMP constructs. FRET studies is likely to contain a short flexible region allowing two using these constructs should readily distinguish a parsmaller coiled-coil regions to bend with respect to each allel coiled coil from an antiparallel coiled coil when other, rather than forming a rigid and fully extended syntaxin binds to VAMP. If the coiled coil is parallel-that structure. We suggest a model by which protein binding is, if the amino termini are adjacent and the carboxyl could cause synaptic vesicle fusion at the presynaptic termini are also adjacent-then efficient energy transfer plasma membrane. This model might illustrate the mechshould occur between fluorescent probes attached to anism of protein-mediated membrane fusion throughout S Ϫ ϩ and V Ϫ ϩ, as well as between probes on S ϩ the cell.
Ϫ and V ϩ Ϫ. In contrast, if syntaxin binds VAMP in an antiparallel arrangement, then energy transfer should Results occur efficiently between probes on Sϩ Ϫ and V Ϫ ϩ, as well as between probes on S Ϫ ϩ and V ϩ Ϫ.
Construction and Binding of Cysteine Mutants
In order to ensure that any differential energy transfer Since many currently available fluorescent probes react primarily with thiols, and the wild-type syntaxin and would not be due merely to differential binding between these proteins, they were first used in a glutathioneagarose bead binding assay, as shown in Figure 1B . The syntaxin constructs were used as glutathione-Stransferase (GST) fusion proteins attached to beads, while the VAMP constructs were cleaved away from GST and used in soluble form. Interestingly, although none of the cysteines were introduced at a or d positions, the mutation to the carboxyl terminus of VAMP (V ϩ Ϫ) abolished its binding to syntaxin. The amino terminal cysteine on VAMP (V Ϫ ϩ) had no such effect; this construct bound to both the S ϩ Ϫ and S Ϫ ϩ forms of syntaxin with equal affinity. In addition, the syntaxin constructs were labeled with fluorescein and the VAMP constructs with eosin to determine if this labeling could affect the interaction between the proteins. The labeled proteins showed the same binding characteristics as their unlabeled counterparts: V ϩ * did not bind to any of the syntaxin constructs, while V * ϩ bound equally to all of the syntaxins but not to control GST beads (V ϩ * and V * ϩ denote labeled V ϩ Ϫ and V Ϫ ϩ, respectively). Finally, the wild-type syntaxin and VAMP constructs bound each other and the mutant constructs (except for V ϩ Ϫ) with equal affinity (data not shown). These results indicated that while both syntaxin constructs could be useful in subsequent FRET experiments, only the V Ϫ ϩ construct could be employed. These three constructs would still be sufficient to determine the alignment of the syntaxin-VAMP coiled coil: energy extreme ends of syntaxin, VAMP, and SNAP-25. Further structural studies of syntaxin and VAMP are needed to determine the precise boundaries of the coiled-coil an exciting beam of wavelength 400 nm. This wavelength domains and would be helpful in resolving this issue.
was chosen instead of 492 nm (the peak absorbance of fluorescein) in order to prevent the exciting beam from contributing to the emission spectra and also to allow Probes Alone Show Slight Energy Transfer The thiol-reactive fluorescent probes 5-iodoacetamidothe fluorescein and eosin spectra to be resolved more easily. fluorescein and eosin-5-iodoacetamide were chosen for FRET experiments. These probes are appropriate for Figure 2A illustrates the results for such an experiment in which the donor and acceptor probes were both FRET since the emission spectrum of fluorescein (maximum at 515 nm) and the absorbance spectrum of eosin tested at 1 M. Clearly, the donor fluorescence in the presence of acceptor was only minimally quenched by (maximum at 519 nm) show a large overlap. These probes have been shown previously to transfer energy the acceptor (compare the emission at 515 nm of the donor-acceptor mix to the emission of the donor alone). by FRET with a Forster radius Ro of 45.6 Å (Taylor et al., 1981) .
In this particular case, the donor-quenching efficiency was only 5.7%. The same experiment was performed In order to control for any interaction between fluorescein and eosin in the absence of proteins, the two probes for fluorescein and eosin concentrations of 0.5, 1, or 2 M, for a total of nine pairs of concentrations. In general, by themselves were first used in the FRET protocol described in the Experimental Procedures. In brief, the the amounts of donor quenching were even less than in the example shown in Figure 2A . For the three pairs emission spectra of the donor alone, the acceptor alone, and a mixture of donor and acceptor were taken, using of concentrations in which the eosin was 2 M, however, the donor quenching efficiencies actually ranged between 7% and 14%. This energy transfer may have been due to radiative energy transfer, since the concentrations of probes used had absorbances of greater than 0.03 (Fairclough and Cantor, 1978) . Thus, mechanisms other than FRET would partially contribute to any donor quenching seen with the probes attached to proteins.
Wild-Type Constructs Show Little Labeling or Energy Transfer
The iodoacetamide forms of fluorescein and eosin used in this study are designed to react most specifically with cysteine residues; however, they also may react with methionines (which both the syntaxin and VAMP constructs contain) and, in fact, could be attached to any nucleophilic residue. In order to determine if nonspecific labeling of the syntaxin and VAMP cysteine mutants might result in energy transfer, the wild-type constructs were labeled under the same conditions as the cysteine mutants, and these nonspecifically labeled proteins were used in the FRET protocol. The results of this set of experiments are shown in Figures 2B and 2C. Figure 2B shows the effect of nonspecifically labeled VAMP on S ϩ * fluorescence. The spectra of the donor alone, the acceptor alone, and the donor-acceptor mix are shown; the spectra of the donor alone and donoracceptor mix are difficult to resolve because they coincide so closely. Two things should be noted from these spectra. First, the amount of nonspecific labeling was minimal; in fact, in this experiment, Ͻ1% of the wild-type VAMP was labeled by eosin. Second, the nonspecifically 
Probes on Both Amino Termini
Acceptor-enhancement efficiencies (in %) were 6.2 (C), 15.2 (D), 7.2
The previous results with the probes alone and the non-(E), 12.0 (F), 2.2 (G), and 5.9 (H).
specifically labeled proteins indicate that the majority of energy transfer observed between S ϩ *, S * ϩ, and V * ϩ must be due to specific labeling on the proteins.
were labeled with fluorescein (both constructs were 38% labeled in the experiment shown in Figure 3 and Table  FRET experiments using these specifically labeled constructs were then done to determine the alignment of 1), while V * ϩ was labeled with eosin (73% labeled for this experiment). Three different concentrations (0.5, 1, the coiled coil between syntaxin and VAMP. Figures 3A  and 3B illustrate the relative positions of probes in a and 2 M) of each probe were tried, yielding a total of nine different pairs of concentrations. parallel or antiparallel coiled coil, as described already.
As noted in the Experimental Procedures, SNAP-25 Three such pairs are illustrated for S ϩ * binding to V * ϩ in Figures 3C, 3E , and 3G. The same pairs of was included in all samples to potentiate the binding between syntaxin and VAMP. The syntaxin constructs concentrations are illustrated for S * ϩ binding to V * ϩ interpreted as evidence for the close proximity of the donor quenching between S ϩ * and V * ϩ, while the second number these uncertainties are not likely to account for the relarefers to the quenching between S * ϩ and V * ϩ.
tive differences measured with the probes on the aminoand carboxy-terminal ends of the syntaxin H3 domain. In further support of our conclusions, the position of in Figures 3D, 3F , and 3H. Comparison of 3C to 3D, 3E the probes can be reversed-that is, with fluorescein to 3F, and 3G to 3H shows that for all concentrations, attached to VAMP and eosin attached to syntaxin-and the donor fluorescence was quenched to a far greater similar data are obtained (data not shown). extent with the S * ϩ to V * ϩ pair than with the S ϩ * Thus, the data clearly indicate that on the average, to V * ϩ pair. In the experiments shown in 3C, 3E, and the VAMP coiled-coil domain amino terminus is closer 3G, the calculated donor-quenching efficiencies were to the syntaxin H3 domain amino terminus than it is to the approximately half of the donor-quenching efficiencies H3 domain carboxyl terminus. Is the coiled coil formed for 3D, 3F, and 3H, respectively. As a confirmation of between these two proteins a simple, fully extended the donor quenching in these trials, transfer efficiencies helix? Given the predicted lengths of the syntaxin H3 were also calculated by acceptor enhancement. For domain (76 residues ϫ 1.5 Å /residue ϭ 114 Å ) and the each of these trials, the energy transfer calculated by VAMP heptad repeat region (63 residues ϭ 94.5 Å ), and acceptor enhancement was greater for the S * ϩ to V * ϩ a Forster radius of 45.6 Å , the expected energy transfer pair.
between fluorescein and eosin on opposite ends of the Table 1 shows the calculated donor-quenching effifully extended helices would be close to zero (Ͻ2%). ciencies for all nine pairs of concentrations for S ϩ * Interestingly, our data indicate that the syntaxin H3 do-(first number) and S * ϩ (second number). Indeed, for main carboxyl terminus is close enough to the VAMP all concentrations, the energy transfer efficiency was amino terminus to allow some energy transfer to occur; approximately twice as great for the S * ϩ to V * ϩ this data makes the possibility of an exclusively parallel, binding as for the S ϩ * to V * ϩ binding. Furthermore, fully extended coiled coil unlikely. this experiment was repeated three times, and in every How might this data be explained? We propose that case the donor quenching was significantly greater for the syntaxin-VAMP coiled coil is aligned exclusively in the S * ϩ to V * ϩ pair than for the S ϩ * to V * ϩ a parallel fashion but in addition, in contrast to Hanson pair. However, due to different conditions in different et al. (1997) , that the coil is bent or folded rather than experiments (primarily different amounts of protein laa fully extended rod. Indeed, the heptad repeat region beling), data between separate experiments were not of VAMP is actually divided in two by a short nonheptad pooled or averaged. Clearly, all of the data support the repeat sequence around residue 50; this may be the idea that the amino-terminal ends of the syntaxin and location of a kink or fold in the coiled coil. Moreover, VAMP heptad repeat regions are juxtaposed.
this two-part heptad repeat domain is conserved with the yeast VAMP homologs, Snc1 and Snc2. Sequence Discussion analysis and circular dichroism studies on syntaxin further support this proposal. For instance, a conserved The phenomenon of fluorescence resonance energy polar residue at the a position midway along the syntaxin transfer (FRET) was used in this study to determine the helical motif may be a site where the hydrophobic interalignment of the ␣ helices in the coiled coil formed by actions along the structure are perturbed. Also, studies syntaxin binding to VAMP. Constructs spanning the of peptide fragments reveal that the amino-terminal resicoiled-coil domain of each protein were made, and a dues of the syntaxin H3 domain are helical, while the single cysteine residue was introduced to the ends of carboxy-terminal residues by themselves are not. Helithe constructs to allow attachment of thiol-reactive fluocal structure in the H3 domain carboxy-terminal half can rescent probes. The donor probe fluorescein was attached be induced and/or stabilized by the H3 domain aminoto either end of syntaxin, and the acceptor probe eosin terminal half, suggesting that bending around a linker was attached to the amino terminus of VAMP. For all region allows interaction between the two halves (Zhong concentrations tested and across all separate experiet al., 1997). ments, the eosin-labeled VAMP caused greater donor Thus, a parallel but folded coiled coil is a likely explaquenching of the fluorescein on the amino terminus of nation for the energy transfer between the amino termisyntaxin than of the fluorescein on the carboxyl terminus of the VAMP heptad repeat and the carboxyl terminus nus; similarly, the efficiency of acceptor enhancement of the syntaxin H3 domain, and a folded structure might was reproducibly greater for the S * ϩ to V * ϩ pair than explain the 4 nm width of the ternary complex observed by Hanson et al. (1997) . Additional contributing factors for the S ϩ * to V * ϩ pair. These data are most readily Neural sec1 (n-sec1) is bound to syntaxin prior to formation of the core complex. Upon dissociation of n-sec1 from syntaxin and initial binding of VAMP with syntaxin, the vesicle becomes docked. Zippering of the syntaxin-VAMP-SNAP-25 coiled coil forces the vesicle membrane and plasma membranes to come into extremely close contact, driving the process of membrane fusion. After membrane fusion, recruitment of ␣-SNAP and NSF from the cytoplasm and subsequent hydrolysis of ATP by NSF dissociate the SNARE protein complex. Syntaxin, VAMP, and SNAP-25 are then free for recycling and another round of exocytosis.
might include parallel coiled coils in a staggered register recent data that ␣-SNAP and N-ethyl-maleimide sensitive factor (NSF) are not required immediately before rather than an alignment with adjacent amino terminal ends. Alternatively, the syntaxin-VAMP coiled coil may vesicle fusion (Mayer et al., 1996; Nichols et al., 1997) , it is possible that these two general cytosolic factors are actually form in both parallel and antiparallel alignments with a ratio of ‫.1:2ف‬ Of course, it is possible that some only necessary to break apart SNARE protein complexes after fusion has occurred. These ideas are outlined in combination of these three explanations accounts for the transfer between S ϩ * and V * ϩ. Figure 4 . Additionally, in the specialized case of the synapse, In short, our results, while suggesting that syntaxin and VAMP do form a predominantly parallel coiled coil, the calcium sensitivity of vesicle fusion may be conferred by synaptotagmin 1. This protein has been shown in addition argue that the coil may not be a simple, fully extended structure. This conclusion could not be to bind the syntaxin H3 domain in a calcium-dependent fashion (Chapman et al., 1995; Kee and Scheller, 1996) . inferred from the electron microscopy images but may have become apparent from our FRET study for various Synaptotagmin could act as a brake in the zippering up of the syntaxin-VAMP-SNAP-25 coiled coil after vesicle reasons: (1) our proteins were freely floating in solution rather than immobilized to a surface; (2) the probes used docking, then dissociate from or change the conformation of syntaxin upon Ca 2ϩ influx, allowing zippering to to measure distances were small fluorochromes (Ͻ1 kDa) rather than large proteins (Ͼ40 kDa), allowing high proceed and vesicle fusion to occur. These ideas illustrate how the binding of cognate resolution while not causing much steric hindrance; and (3) FRET simultaneously monitors interprobe distance SNARE proteins can serve as the final specificity step before vesicle fusion even while driving the fusion itself. over the entire population of syntaxin-VAMP-SNAP-25 complexes, as well as other complexes.
Since homologous proteins have been identified and localized to many other parts of the cell in a wide variety Coiled-coil motifs have been proposed to play a role in membrane fusion during the infection of host cells by of species, binding of other SNAREs may play the same role in vesicle trafficking throughout the cell. Finally, influenza (Carr and Kim, 1993; Durrer et al., 1996) and HIV-1 (Chan et al., 1997; Weissenhorn et al., 1997) viintriguingly, identification of factors or conditions that modify the interactions between SNARE proteins in the ruses. According to those models, formation of an extended coiled coil leads to the insertion of a fusogenic synapse may provide insight into how rates of vesicle fusion and transmitter release are changed during propeptide into the target membrane, and subsequent deformation of the coiled coil is necessary for membrane cesses underlying learning and memory. fusion. Similarly, perhaps the formation of coiled-coil structures is important in mediating intracellular mem-
Experimental Procedures
brane fusion as well (Hanson et al., 1997) . In the case zippering of the carboxy terminal ends could in itself Sephadex G-25 gel filtration resin was from Pharmacia. Glutathioneagarose, thrombin, and other chemicals were purchased from Sigma drive the membrane fusion by forcing the membranes and U. S. Biochemicals. HBS buffer contains 20 mM HEPES-KOH into extremely close apposition. Although we have (pH 7.4 ) and 150 mM KCl, while HBST contains, in addition, 5% drawn only extended helices for clarity, it is also possible that bending or unbending of the coiled coil plays a necessary role in the pathway. Thus, conformational
Construction of Syntaxin and VAMP Cysteine Mutants
changes between distinct helical subdomains within a Syntaxin constructs encoding wild-type residues 185-266 and larger coiled-coil domain may be important in both viral VAMP constructs encoding wild-type residues 26-94 were prepared by polymerase chain reaction. Additional oligonucleotide primers and intracellular membrane fusion. Moreover, given the were used to introduce cysteine mutations to syntaxin at residue represents the donor fluorescence in the absence of acceptor (sample 1). 186 (S Ϫ ϩ) or 259 (S ϩ Ϫ) and to VAMP at residue 27 (V Ϫ ϩ) or 90 (V ϩ Ϫ). The DNA sequences of all constructs were confirmed Acceptor enhancement efficiency was calculated as (FDA Ϫ FA)AA/ (F A A D ), where F DA represents the corrected acceptor fluorescence by dideoxy nucleotide sequencing and contained no mutations except for the desired ones encoding cysteines. The constructs were ( ϭ 540 nm) in the presence of donor (sample 3 Ϫ (1 Ϫ E D ) ϫ sample 1), F A represents the acceptor fluorescence in the absence subcloned into pGEX-KG (Qiagen), transformed into Escherichia coli, and induced by standard methods.
of donor (sample 2), and A A and AD represent the absorbance at 400 nm of the acceptor and the donor, respectively. Distance is related to transfer efficiency by the formula R ϭ Preparation of Proteins Ro(1/E Ϫ 1) 1/6 , where E is the transfer efficiency and Ro, the Forster Fusion protein beads as well as thrombin-cleaved, soluble forms of radius, is the distance at which energy transfer is 50%. syntaxin, VAMP, and SNAP-25 constructs were prepared as previously described (Pevsner et al., 1994) . Concentrations of proteins were estimated by Coomassie blue staining of protein bands after
